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ABSTRACT Genome sequencing has revealed substantial variation in the predicted
abilities of individual species within animal gut microbiota to metabolize the com-
plex carbohydrates comprising dietary fiber. At the same time, a currently limited
body of functional studies precludes a richer understanding of how dietary glycan
structures affect the gut microbiota composition and community dynamics. Here,
using biochemical and biophysical techniques, we identified and characterized
differences among recombinant proteins from syntenic xyloglucan utilization loci
(XyGUL) of three Bacteroides and one Dysgonomonas species from the human
gut, which drive substrate specificity and access to distinct polysaccharide side
chains. Enzymology of four syntenic glycoside hydrolase family 5 subfamily 4 (GH5_4)
endo-xyloglucanases revealed surprising differences in xyloglucan (XyG) back-
bone cleavage specificity, including the ability of some homologs to hydrolyze
congested branched positions. Further, differences in the complement of GH43
alpha-L-arabinofuranosidases and GH95 alpha-L-fucosidases among syntenic XyGUL
confer distinct abilities to fully saccharify plant species-specific arabinogalactoxylog-
lucan and/or fucogalactoxyloglucan. Finally, characterization of highly sequence-
divergent cell surface glycan-binding proteins (SGBPs) across syntenic XyGUL re-
vealed a novel group of XyG oligosaccharide-specific SGBPs encoded within select
Bacteroides.

IMPORTANCE The catabolism of complex carbohydrates that otherwise escape the
endogenous digestive enzymes of humans and other animals drives the composition
and function of the gut microbiota. Thus, detailed molecular characterization of di-
etary glycan utilization systems is essential both to understand the ecology of these
complex communities and to manipulate their compositions, e.g., to benefit human
health. Our research reveals new insight into how ubiquitous members of the hu-
man gut microbiota have evolved a set of microheterogeneous gene clusters to effi-
ciently respond to the structural variations of plant xyloglucans. The data here will
enable refined functional prediction of xyloglucan utilization among diverse environ-
mental taxa in animal guts and beyond.

KEYWORDS human gut microbiota, microbiome, Bacteroides, carbohydrate-active
enzymes, carbohydrate-binding proteins, Bacteroidetes, CAZymes, carbohydrate-
binding modules, environmental bacteria

Humans have coevolved with a complex assemblage of microbes (1), among which
the human gut microbiota (HGM) is a key driver of our metabolism and systemic

health (2). The populous HGM of the lower gastrointestinal (GI) tract is fueled primarily
by complex carbohydrates that are otherwise not accessed by our own limited cohort
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of digestive enzymes (3–5). Specifically, the metabolism of plant glycans that comprise
“dietary fiber” significantly contributes to energy uptake (6) and strongly influences
HGM composition (4, 7–10). Deleterious shifts in the composition of the HGM have
been associated with serious metabolic, inflammatory, neurological, and oncological
diseases (11). Hence, there is significant, sustained interest in the maintenance of an
individual’s “healthy microbiota” (12) using prebiotic, probiotic (including HGM trans-
plants), and synbiotic approaches (13).

Revealing the molecular basis of diet-HGM interactions is essential to understand
the ecological and evolutionary dynamics that govern this complex ecosystem (14).
Within the HGM, the evolution of numerous complex polysaccharide utilization loci
(PUL) has positioned members of the phylum Bacteroidetes (e.g., Bacteroides and
Prevotella) as prodigious colonizers of the lower GI tract (15). PUL encode coregulated
cohorts of glycan-binding proteins, carbohydrate-active enzymes (CAZymes), transport-
ers, and sensors/regulators that work in concert to saccharify individual cognate
glycans (16–20). As HGM studies transition into a postgenomic era (15, 17, 21, 22), a
growing body of integrated studies has revealed the combined genetic, biochemical,
and structural basis of complex glycan utilization by human gut Bacteroides species
(23–35). Indeed, these studies, which are underpinned by precise biochemical charac-
terization, demonstrate that the enzyme cohort of PUL-encoded systems is exquisitely
tuned to address source-specific polysaccharide substructures (9, 19, 36).

The xyloglucans (XyGs) constitute a family of complex plant polysaccharides found
in the cell walls of all terrestrial plants, including vegetables and fruits in the human diet
(37). XyGs are united by a �(1¡4)-glucan backbone that is ramified by regular �(1¡6)-
xylopyranosyl residues in two general patterns, XXXG type and XXGG type {where G
refers to an unbranched �(1¡4)-Glcp residue and X refers to a branched [�(1¡6)-
Xylp]-�(1¡4)-Glcp disaccharide unit} (37). Further substitution of the xylosyl branches
is species, tissue, and/or developmental stage specific. XXXG-type xyloglucans are
typically found in dicots (e.g., most vegetables and fruits) as fucogalactoxyloglucan (Fig.
1A), while XXGG-type XyGs are found in the Poales (e.g., cereals) as galactoxyloglucan
and in Solanales (e.g., tomato and potato) as arabinogalactoxyloglucan (Fig. 1B) (37).

Using reverse genetics, biochemistry, and structural biology, we recently character-
ized a xyloglucan utilization locus (XyGUL) in the human gut symbiont Bacteroides
ovatus, syntenic loci of which serve as molecular markers of xyloglucan metabolism in
the HGM (24, 25, 38). By analogy with the archetypal starch utilization system (Sus) (39),
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FIG 1 Representative xyloglucan structures (37). (A) XXXG-type fucogalactoxyloglucan, typical of dicots.
(B) XXGG-type arabinogalactoxyloglucan, typical of Poales and Solanales. For both, two exemplar
repeating units are shown. Monosaccharides are represented by Consortium for Functional Glycomics
notation (https://www.ncbi.nlm.nih.gov/glycans/snfg.html).
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the B. ovatus XyGUL encodes all necessary XyG-binding, -hydrolyzing, and -sensing
proteins, including a canonical SusC/SusD homolog pair (a TonB-dependent transporter
[TBDT] and associated cell surface glycan-binding protein [SGBP-A]) (40) (Fig. 2). An
additional “SusE-positioned” (39) SGBP-B assists with substrate capture at the outer
membrane (38), while the glycoside hydrolase (GH) complement comprises all cell
surface endo-hydrolase and periplasmic exo-hydrolase activities required for the com-
plete saccharification of solanaceous arabinogalactoxyloglucan (24, 25) (Fig. 2A; cf. Fig.
1B). Specifically, the B. ovatus XyGUL encodes two glycoside hydrolase family 43 (GH43)
�-L-arabinofuranosidases but notably lacks a fucosidase (e.g., a GH29 or GH95 member
[41, 42]) required to hydrolyze terminal side chain residues in dicot XyG (Fig. 2A; cf.
Fig. 1A).

We observed that XyGUL synteny is not strictly conserved among closely related
Bacteroides species or the more distant Bacteroidetes member Dysgonomonas gadei
(24) (Fig. 2A). Regarding the B. ovatus XyGUL, it is particularly notable that some
species lack one or both GH43 members (predicted �-L-arabinofuranosidases), while
some possess a GH95 member (predicted �-L-fucopyranosidase) and/or an addi-
tional “SusF-positioned” gene (39) (predicted here to encode an additional SGBP). This
may suggest ongoing microevolution of XyGUL in autochthonous Bacteroidales (24, 43),
possibly balancing functional redundancy and nutrient niche specialization (44).

Here, we explored the possibility that the assortment of GHs and SGBPs might be
responsible for xyloglucan subtype specificity among four members of the phylum
Bacteroidetes, using biochemical and biophysical approaches. We first defined general
XyG specificity through analysis of the vanguard GH5 subfamily 4 (GH5_4) endo-
xyloglucanases, which surprisingly revealed distinct backbone cleavage specificities.
Where present, GH95 members provided complementary �-L-fucosidase activity to
address dicot fucogalactoxyloglucan. Lastly, characterization of SusE- and SusF-
positioned SGBP gene products revealed conservation of XyG-binding function among
these proteins despite very high sequence diversity. Together, these data on a diverse
cohort of GHs and SGBPs provide refined insight into molecular markers of XyG
metabolism in the HGM.

RESULTS
The XyGUL is not completely syntenic among Bacteroidetes. We showed previ-

ously that B. cellulosilyticus DSM 14838, B. uniformis ATCC 8492, B. fluxus YIT 12057, and
D. gadei ATCC BAA-286 all used XyG as a sole carbon source and that each of the
homologous XyGUL was induced under these conditions (24). All of the XyGUL con-
tained GH5_4 members (predicted endo-xyloglucanases) and GH31 members (pre-
dicted �-xylosidases), concordant with XyG specificity (24, 45–47). Likewise, the pres-
ence of GH2 (predicted �-galactosidase [24]) and GH3 (predicted �-glucosidase [24])
members was ubiquitously conserved. However, comparison with the well-
characterized B. ovatus XyGUL (24) revealed notable differences in overall locus ar-
rangement and encoded GH and SGBP content (Fig. 2).

For example, the GH5_4 members present different modular architectures compris-
ing either one or two PFAM PF13004 domains following a signal peptidase II lipidation
motif and have poor sequence conservation within their catalytic modules (see Fig. S1
and Table S1 in the supplemental material). Poor sequence conservation was also
observed for the TBDTs and SGBP-As, with the SGBP-Bs exhibiting particularly low
identity and similarity values (�19% and 32%, respectively) (see Tables S1 to S4 in the
supplemental material).

Most notably, the remaining complements of predicted exo-glycosidases were
significantly different among XyGUL. As introduced above, an �-L-fucosidase would
be required to remove the terminal side chain of dicot XyG, whereas an �-L-
arabinofuranosidase is required to cleave the terminal side chain of solanaceous XyG
(Fig. 1). The B. ovatus XyGUL lacks a predicted �-L-fucosidase, as does the B. cellulosi-
lyticus XyGUL, while the B. uniformis, B. fluxus, and D. gadei XyGUL each possess a GH95
member (42). On the other hand, only the B. cellulosilyticus XyGUL lacks both a
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predicted �-L-fucosidase (GH95 member) and an �-L-arabinofuranosidase (GH43 mem-
ber); the B. cellulosilyticus and B. uniformis XyGUL are otherwise syntenic. Of particular
note, the B. cellulosilyticus and B. uniformis XyGUL both contain an additional gene
encoding a protein of previously unknown function (24) (annotated here as SGBP-C)
(see below).

XyGUL GH5_4 endo-xyloglucanases generate distinct product profiles. The
presence of conserved signal peptidase II extracellular secretion signal peptides (48)
and PFAM PF13004 domains is consistent with cell surface outer membrane localization
of all GH5_4 homologs through N-terminal lipidation (24). As anticipated from their
subfamily membership (46), initial screening of the recombinant, full-length GH5_4
members indicated high specificity for tamarind seed XyG (tamXyG) (a galactoxylog-
lucan), with no detectable activity on barley mixed-linkage �-glucan or konjac gluco-
mannan (GM). pH rate profiles on tamXyG indicated optima of pH 6.0 to 6.5, which is
consistent with activity in the human lower GI tract (see Fig. S2 in the supplemental
material). Subsequent Michaelis-Menten kinetic analysis at the pH optima and 37°C
underscored the high XyG specificity of the four enzymes, with low Km and high kcat

values (Table 1; see Fig. S3 in the supplemental material).
Despite having apparently similar kinetic properties, each of the four GH5_4 mem-

bers generated distinct limit digestion (terminal hydrolysis) products on tamXyG and
lettuce XyG (lettXyG) (a fucogalactoxyloglucan) versus the previously characterized B.
ovatus GH5 (BoGH5) endo-xyloglucanase. Consistent with our earlier study (24), BoGH5
cleaved both types of XyG at unbranched glucosyl residues to generate typical Glc4-
based xyloglucan oligosaccharides (XyGOs) (49) (XXXG, XLXG, XXLG, and XLLG from
tamXyG and XXXG, XLXG, XXFG, and XLFG from lettXyG) (Fig. 3, Fig. S4; see Fig. 1 for
XyGO nomenclature). B. cellulosilyticus GH5 (BcGH5) similarly followed this typical
cleavage pattern, especially on tamXyG, although a very limited ability to generate
shorter XyGOs from lettXyG was suggested by matrix-assisted laser desorption ioniza-
tion–time of flight mass spectrometry (MALDI-TOF MS) analysis (Fig. 3; see Fig. S5 in the
supplemental material).

In contrast, B. uniformis GH5 (BuGH5), B. fluxus GH5 (BfGH5), and D. gadei GH5
(DgGH5) all convincingly demonstrated the ability to generate a range of shorter
and longer XyGOs by cleavage both at unbranched G units and at branched
positions in tamXyG and lettXyG (especially X) (Fig. 3; see Fig. S6 to S8 in the
supplemental material). For example, MALDI-TOF MS analysis of the BfGH5 limit-
digest of lettXyG revealed the presence of XyGOs with masses corresponding to XX,
LG/XGG, XXX, XXXG, XLXG/XXLG, XXFG, XLFG, GXLFG, and XFGXX (see Fig. S7).
BuGH5 notably produced the unique pentasaccharide FG and other atypical fuco-
sylated XyGOs in high abundance (see Fig. S6). Apparently rapid cleavage of XXXG
resulted in the total absence of this product in the limit-digests of DgGH5 (Fig. 3;
compare Fig. S8 to Fig. S4).

Corroborating these observations on XyG polysaccharides, BcGH5, BuGH5, BfGH5,
and DgGH5 were each able to hydrolyze the heptasaccharide XXXG by cleavage
between two X units (see Fig. S9 in the supplemental material). BuGH5 and DfGH5 were
especially efficient and were able to completely hydrolyze the starting material at equal
enzyme loads. Both of the enzymes were additionally able to hydrolyze the galacto-
sylated congener XXLG, with BuGH5 especially competent (see Fig. S9). The ability to
bind an X unit in the �1 subsite, as a prerequisite to cleaving an X-X backbone bond

TABLE 1 Michaelis-Menten kinetic constants of BoGH5A, BuGH5, BcGH5, BfGH5, and DgGH5 against tamXyG

Bacterial strain Enzyme Substrate kcat (s�1) Km (mg · ml�1) kcat/Km (s�1 · mg�1 · ml) Assay

B. ovatus ATCC 8483 BoGH5 tamXyG 8.9 � 0.2a 0.046 � 0.006 190 BCA
B. cellulosilyticus DSM 14838 BcGH5 tamXyG 31.0 � 1.0 0.036 � 0.003 862 BCA
B. uniformis ATCC 8492 BuGH5 tamXyG 19.6 � 0.8 0.043 � 0.007 456 BCA
B. fluxus YIT 12057 BfGH5 tamXyG 50.1 � 3.0 0.17 � 0.02 295 BCA
D. gadei ATCC DAA-286 DgGH5 tamXyG 19.0 � 1.0 0.039 � 0.009 487 BCA
aAll error values correspond to errors in fitting the Michaelis-Menten equation to the data.
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in XyG, is known in some GH44 and GH74 endo-(xylo)glucanases (reviewed in reference
46). However, among GH5 members, this previously had been demonstrated only in
a single endo-xyloglucanase, XEG5B, from a rumen metagenome (50). Tertiary-
structure analysis indicated that XEG5B has a large �1= pocket to accommodate a
xylosyl residue, which is absent in the G-unit-specific rumen endo-xyloglucanase
XEG5A (50). The presence or absence of this pocket is not readily defined by amino
acid sequence alignment, which unfortunately precludes correlation with BcGH5,
BuGH5, BfGH5, and DgGH5 here, in the absence of three-dimensional structures of
these enzymes.

GH95 members are effective XyG fucosidases. BuGH95, BfGH95, and DgGH95,
which do not have homologs in the B. ovatus XyGUL, were produced recombinantly in
Escherichia coli to assess the abilities of these putative �-fucosidases to remove the
terminal residue from the F units of dicot XyGOs. BuGH95 and BfGH95 share high amino
acid sequence identity (81%), while DgGH95 is more divergent (45% identity versus
either Bacteroides GH95 member). The GH95 catalytic carboxylic residues are conserved
within the sequences of these targets, despite an overall low degree of sequence
similarity with known structural representatives (26, 51) (see Table S5 in the supple-
mental material). As GH95 is known to contain �-L-galactosidases and �-L-fucosidases
with diverse linkage specificities (42), detailed enzymatic characterization was war-
ranted.

Initial tests indicated that BuGH95, BfGH95, and DgGH95 were active on 2-chloro-
4-nitrophenyl �-L-fucoside (Fuc-�-CNP). Using this substrate, classical bell-shaped pH
rate profiles were obtained with pH optima of ca. 6.0 (see Fig. S10 in the supplemental
material). The observed kcat/Km values for the three GH95 members (Table 2) are similar
to that of the GH95 �-fucosidase from Bifidobacterium longum subsp. infantis, encoded
by locus Blon_2335 (0.12 mM�1 s�1) (52). However, compared to CjAfc95 from the soil
saprophyte Cellvibrio japonicus, kcat/Km values for the Bacteroidetes GH95 members
were approximately 10- to 25-fold lower (53). When tested on readily available com-
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mercial substrates, all three Bacteroidetes GH95 members were able to hydrolyze
2=-fucosyllactose and 3=-fucosyllactose, while only DgGH95 showed limited activity on
fucosyl-�(1¡6)-N-acetylglucosamine (see Fig. S11 in the supplemental material).

Consistent with their ability to hydrolyze the Fuc�(1¡2)-Gal linkage of 2=-fucosyl-
lactose, the fucosylated XyGOs produced from lettXyG by BoGH5 were competent
substrates for all three Bacteroidetes GH95 members. Thus, XXFG and XLFG in the
mixture comprising XXXG, XXFG, XLXG, and XLFG are hydrolyzed to XXLG and XLLG by
BuGH95, BfGH95, and DgGH95 (Fig. 4). Similarly, we examined the actions of these

TABLE 2 Michaelis-Menten kinetic constants of BuGH95, BfGH95, and DgGH95 against 2-chloro-4-nitrophenyl �-L-fucopyranoside

Bacterial strain Enzyme Substrate kcat (s�1) Km (mg · ml�1) kcat/Km (s�1 · mg�1 · ml) Assay

B. uniformis ATCC 8492 BuGH95 L-Fuc-�-CNP 2.0 � 0.1a 1.7 � 0.1 1.2 CNP
B. fluxus YIT 12057 BfGH95 L-Fuc-�-CNP 1.9 � 0.1 3.8 � 0.3 0.49 CNP
D. gadei ATCC DAA-286 DgGH95 L-Fuc-�-CNP 3.4 � 0.2 4.7 � 0.4 0.73 CNP
aAll error values correspond to errors in fitting the Michaelis-Menten equation to the data.
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FIG 4 HPAEC-PAD and MALDI-TOF MS analyses of GH95 hydrolysis products from fucosylated XyGOs. A
mixture of fucosylated XyGOs (XXXG, XXFG, XLXG, and XLFG) was produced by the action of BoGH5A (24)
on lettXyG, followed by incubation with 2 �M recombinant BuGH95, BfGH95, or DgGH95 at 37°C for 16
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1,085.9), XLXG/XXLG (calculated: 1,248.05), XXFG (calculated: 1,394.21), XLLG (calculated: 1,410.19), and
XLFG (calculated: 1,556.35).
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GH95 members on the fucosylated XyGOs produced by their cognate GH5s, which
again indicated that fucose was completely released (see Fig. S5 to S8 and S12 in the
supplemental material). This activity is concordant with that of characterized GH95
�-L-fucosidases from the bacterium C. japonicus (53), the fungus Aspergillus niger (54),
and the plants Arabidopsis thaliana and Lilium longiflorum (55, 56), as well as the GH29
�-L-fucosidase FgFCO1 from the plant-pathogenic fungus Fusarium graminearum (57,
58). Site-directed mutation of the predicted general acid residues (Glu) to Ala in both
BuGH95 and BfGH95 abolished activity (see Fig. S13 in the supplemental material),
consistent with their essential roles in catalysis (51).

Characterization of diverse in-tandem gene products reveals new SGBPs. Bind-
ing of bacteria in the HGM to plant cell wall material constitutes the first step in
complex carbohydrate utilization (59). We previously characterized the XyG specific-
ities and tertiary structures of the SGBP-A and SGBP-B proteins of the B. ovatus
XyGUL (24, 38). BoSGBP-A displays a canonical SusD-like protein fold with an
extended substrate binding platform of aromatic amino acid side chains (38). Given
the predictable structural conservation (39) among syntenic SGBP-As in the homol-
ogous XyGUL (Fig. 2; see Table S3), we focused our attention here on characterizing
the substrate specificities of the highly sequence-divergent SusE-positioned
SGBP-Bs (Fig. 2; see Table S4).

All syntenic XyGUL SGBP-Bs contain a predictive N-terminal signal peptidase II
sequence for lipidation and outer membrane targeting (48), consistent with a role in
substrate adherence. Affinity PAGE analysis of full-length recombinant BuSGBP-B,
BfSGBP-B, and DgSGBP-B revealed that they all bind to tamXyG and have no affinity for
mixed-linkage �(1-3)/�(1-4)-glucan (MLG) and GM (Fig. 5) or the artificial derivative

FIG 5 Affinity PAGE analysis of SGBP-B and SGBP-C proteins. BSA was used as a nonbinding control
protein.
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hydroxyethylcellulose (data not shown). BcSGBP-B has high sequence similarity (70%)
and identity (56%) to BuSGBP-B (see Table S4) and thus was not produced and
characterized.

Isothermal titration calorimetry (ITC) confirmed that the three SGBP-Bs bind to
tamXyG, with affinities up to 2 orders of magnitude higher than for the syntenic
BoSGBP-B (38). Each SGBP-B bound variably galactosylated tamXyGOs comprising Glc8

or Glc4 backbones, with association constant (Ka) values 1 and 2 orders of magnitude
lower than for tamXyG, respectively (tamXyGO2 and tamXyGO1) (Table 3; see Fig. S14
and S15 in the supplemental material). The presence of fucosylation in a lettXyGO1

mixture had either limited impact or slightly reduced binding (Table 3; see Fig. S16 in
the supplemental material). We were unable to test binding on lettXyG polysaccharide
due to inherent difficulties in producing a sufficiently pure sample from the natural
source. Nonetheless, these data suggest that BuSGBP-B, BfSGBP-B, and DgSGBP-B all
present an extended polysaccharide-binding platform and that binding is primarily
driven by backbone Glc and side chain Xyl units, similar to BoSGBP-B, for which the
three-dimensional structure is known (38).

In addition to SGBP-Bs, the B. uniformis and B. cellulosilyticus XyGUL notably also
contain larger, divergent downstream genes (39) whose functions are not predicable
based on homology (Fig. 2). The proteins encoded by these genes are significantly
different in size than the correspondingly positioned GH9 endo-(xylo)glucanase of the
BoXyGUL (24, 60), and reducing-sugar assays of recombinant BuSGBP-C failed to reveal
any polysaccharide hydrolase activity (data not shown). Rather, affinity PAGE revealed
significant binding of BuSGBP-C to tamXyG, but not to mixed-linkage glucan or
glucomannan (Fig. 5). BuSGBP-C and BcSGBP-C share 65% amino acid sequence iden-
tity, suggesting conserved function, as for the other syntenic gene products of the B.
uniformis and B. cellulosilyticus XyGUL.

Despite apparently specific binding observed by affinity PAGE, ITC indicated that
BuSGBP-C in fact had a low affinity for tamXyG vis-à-vis the SGBP-Bs; indeed, binding
was too low to be quantified (Table 3; see Fig. S14). On the other hand, quantitation of
binding to tamXyGO2 and tamXyGO1 indicated that BuSGBP-C bound to these sub-
strates with Ka values similar to those of the three SGBP-Bs (Table 3; see Fig. S14 and
S15). Binding to fucosylated lettXyGO1 was again too low to be quantified (Table 3; see
Fig. S16). Taken together, the affinity PAGE and ITC data indicate that BuSGBP-C
constitutes a new XyG-binding protein that is, moreover, unique in the broader context
of XyGUL and PUL in general. However, in the absence of a tertiary structure of this
SGBP, the reasons for the specificity for XyGOs over the polysaccharide remain opaque.

DISCUSSION

Postgenomic functional characterization of the proteins and enzymes in the
HGM is essential to define and refine models of complex carbohydrate utilization by
the HGM (23–35). Such models both advance understanding of HGM metabolism in
the context of human health and bring insight into the molecular mechanisms that
connect diet to microbiome evolution. In the present study, we have explored the
molecular diversity of syntenic XyGUL from the HGM (Fig. 2), which has revealed (i)
novel differences in specificity among homologous GH5_4 endo-xyloglucanases, (ii)
complementary �-fucosidase activity among select XyGUL to address dicot fucoga-
lactoxyloglucan, and (iii) convergent XyG specificity among sequence-diverse SG-
BPs, including (iv) a new nonsyntenic group of proteins (XyGUL SGBP-C).

Surprisingly, the five GH5 subfamily 4 endo-xyloglucanases from the XyGUL gener-
ate different products from tamXyG and lettXyG, due to differences in backbone
cleavage regiospecificities (Fig. 3; see Fig. S4 to S9). Across all GH families, most
endo-xyloglucanases specifically cleave dicot XyG at unbranched glucosyl units (posi-
tioned in the �1 subsite) (46), which produces the typical “XXXG-type” XyGOs (49).
BoGH5A exemplifies this mode of action (Fig. 3). In contrast, alternative cleavage
patterns have been reported for some endo-(xylo)glucanases from GH44 (61, 62) and
GH74 (63–66), indicating the ability of these enzymes to accommodate xylosyl-
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substituted residues (X) in the �1 subsite. Within GH5, this ability has been reported for
only a single GH5_4 endo-xyloglucanase, XEG5B from a ruminant gut metagenome (50).
Thus, BuGH5, BfGH5, and DgGH5 comprise additional examples of atypical backbone
regiospecificity in GH5_4, which could not have been predicted by protein sequence
analysis. Notably, the limited ability of these GH5_4 members to hydrolyze XXLG, with
the exception of BuGH5, indicates that the extension of the side chain in subsite �2
with a galactosyl residue inhibits cleavage efficiency (see Fig. S9). Future tertiary-
structural analysis will be required to fully illuminate the molecular basis of XyG
recognition and hydrolysis by these GH5 enzymes.

These observations are reminiscent of analyses on endo-xylanases from the rumi-
nant Bacteroidetes Prevotella bryantii, in which two homologous GH5 proteins with
similar domain organization released different oligosaccharides from xylan (67).
Current data indicate that the majority of characterized endo-xyloglucanases hy-
drolyze the polysaccharide backbone in a regular manner at G units (46), perhaps
because of steric or ring-conformational factors (68). Regardless, such specificity is
unlikely to be the result of any biological selection pressure, because it is assumed
that large saccharide chain fragments are imported from the cell surface to the
periplasm for subsequent saccharification (16, 39). In such cases, the point of chain
cleavage should not matter.

Comparative analysis of periplasmic exo-glycosidases further revealed how syntenic
XyGUL vary in their biochemical capacity to address the distinct side chains observed
in XyGs from disparate dietary sources. Whereas GH43 �-L-ararabinofuranosidases, as
found, for example, in the BoXyGUL, are required to completely saccharify solanaceous
arabinogalactoxyloglucan, GH95 �-L-fucosidases are necessary to remove the terminal
side chain residue of F units in dicot fucogalactoxyloglucan (Fig. 1). Of the XyGUL
studied here, only those from B. uniformis, B. fluxus, and D. gadei encode this capacity.
Indeed, the GH95 members all actively release fucose from fucosylated XyGOs pro-
duced by the action of their cognate endo-xyloglucanase. Even those Bacteroidetes
that lack XyGUL-encoded �-L-fucosidases may still access a significant proportion of
the monosaccharides in fucogalactoxyloglucan through the concerted action of
�-xylosidases, �-galactosidases, and �-glucosidases acting from the nonreducing end
of XyGOs (24) (Fig. 1). Further, the extent to which other fucosidases encoded else-
where in individual Bacteroidetes genomes might complement deficiencies in XyGUL
GH cohorts is currently unknown.

In the broader context of GH95, the �-L-fucosidase specificity observed here is
concordant with recent structure-function studies. Of the nine bacterial and eukaryotic
GH95 members characterized to date (41), the majority (seven) have been described as
�-L-fucosidases (52–56, 69, 70), while two Bacteroides members have been shown to be
specific �-L-galactosidases (26, 33) (L-fucose is the 6-deoxy congener of �-L-galactose).
Tertiary-structural analysis of the B. ovatus �-L-galactosidase vis-à-vis an exemplar GH95
�-L-fucosidase from Bifidobacterium bifidum (51, 69) indicated that these related spec-
ificities likely result from a single amino acid substitution in the active-site pocket: The
�-L-galactosidase presents a threonine side chain that makes polar interactions with
O-6 of L-Gal, while the �-L-fucosidase has a bulkier histidine side chain that is sterically
compatible with the deoxysugar (26). Sequence alignment indicates that BuGH95,
BfGH95, and DgGH95 each contain a histidine residue at this position (see Fig. S17),
consistent with the �-L-fucosidase activity observed here.

Analogous to the archetypal Sus system (39, 59), substrate binding is mediated by
the noncatalytic SGBPs of the XyGUL. Interestingly, pairwise sequence similarity among
the SGBP-Bs is significantly lower (ca. 30%) than among the SGBP-As (ca. 40%), GHs (51
to 56%), and TBDTs (ca. 55%) of homologous XyGUL (see Tables S1 to S4). The
evolutionary reason for this enhanced sequence diversity is unclear, but it prevents
straightforward construction of a sequence-related carbohydrate-binding module fam-
ily (71). Nonetheless, all the syntenic SGBP-B gene products had homologous functions
in the context of the XyGUL, viz., high binding specificity for the cognate polysaccha-
ride.
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Most striking in our SGBP analysis was the revelation of a third, sequence-diverse
group of SGBPs encoded downstream from the SGBP-Bs in the B. uniformis and B.
cellulosilyticus XyGUL. The exemplar BuSGBP-C failed to bind the XyG polysaccha-
ride with any appreciable affinity yet bound XyGOs, as well as the various SGBP-Bs.
The biological significance of this distinct specificity is currently unclear in the
absence of detailed reverse-genetics studies and tertiary-structural analysis (29, 38,
59, 60). It is notable that the SGBP-C proteins are significantly larger (BuSGBP-C,
95 kDa; BcSGBP-C, 93 kDa) than the adjacent SGBP-B proteins (BuSGBP-B, 71 kDa;
BcSGBP-B, 74 kDa), which suggests the presence of additional, or unique, domain
structures (for comparison, BoSGBP-B is 53 kDa, BfSGBP-B is 66 kDa, and DgSGBP-B
is 66 kDa). Variable, multidomain, extended architectures are typical of SGBP-Bs. For
example, B. thetaiotaomicron SusE and SusF have three and four domains, respec-
tively (59), the B. ovatus XyGUL and MLGUL SGBP-Bs both have four domains (29, 38),
and the SGBP-B from the B. thetaiotaomicron heparin/heparin-sulfate PUL has six
domains (30).

Conclusions. Recent studies have demonstrated the importance of structural dif-
ferences among plant xylans in differentially impacting the growth of closely related
human gut Bacteroides species (26, 72, 73). Such observations align with the concept of
“discrete (carbohydrate) structures” that correspond directly to individual gene prod-
ucts in microbiomes (9, 19, 36). Here, we have illustrated this concept as it pertains to
discrete XyG side chain structures and their concordance with the gene complements
of individual XyGUL addressing plant arabinogalactoxyloglucan and fucogalactoxylog-
lucan.

Moreover, precise growth analyses are currently revealing that individual species
of the HGM differentially prioritize the utilization of specific complex carbohydrates
from mixtures (74–78). Despite their ubiquity in the human diet from vegetables
and fruits, xyloglucans appear to be secondary in this utilization hierarchy. None-
theless, it has recently been shown that fucogalactoxyloglucan elicits larger shifts
than the higher-priority pectins or fructooligossaccharides (FOS) in human fecal
samples in vitro (79). The observation of a strong, specific enrichment of B. uniformis
in this analysis is particularly striking in light of the XyGUL described here. As such,
our present study provides further insight into how individual Bacteroidetes mem-
bers “navigate the gut buffet” through refined specificity of PUL-encoded systems
(20).

MATERIALS AND METHODS
Carbohydrate sources. Tamarind seed XyG, barley mixed-linkage beta-glucan, and konjac gluco-

mannan were purchased from Megazyme International (Bray, Ireland). Hydroxyethyl cellulose was
purchased from Amresco (Solon, OH, USA), and 2-fucosyllactose, 3-fucosyllactose, 2-acetamido-2-deoxy-
6-O-(�-L-fucopyranosyl)-D-glucopyranose, and 2-chloro-4-nitrophenyl �-L-fucopyranoside were pur-
chased from Carbosynth (Compton, United Kingdom).

Fucosylated XyGOs were isolated from lettuce using a modified and scaled-up version of a previously
described method (80). Thus, 190 g of plant material (iceberg lettuce) was homogenized in 0.5 liter of
70% aqueous ethanol using a blender and filtered onto Miracloth (Millipore). The residue was then
transferred to a ceramic mortar and pestle and ground to a fine powder using liquid nitrogen. The
powder was incubated in 1.5 liters of 70% aqueous ethanol at 60°C for 6 h to remove alcohol-soluble
polysaccharides and smaller sugars. The residue was subsequently washed and filtered two times with
1 liter of 70% aqueous ethanol and 1 liter of acetone, respectively. Alcohol-insoluble residues were
extracted for 16 h at 37°C with 6 M NaOH (100 ml) containing 1% NaBH4 to prevent alkaline peeling. The
suspension was filtered onto Miracloth, cooled on ice for 20 min, and neutralized by adding acetic acid.
Polysaccharides were extracted by precipitation by adding ethanol to the solution to a final concentra-
tion of 70%. The solution was then centrifuged at 20,000 � g for 15 min, and the pellet was washed two
times with 70% ethanol. The washed pellet was dissolved in water, to which was added 2 mg endo-
xyloglucanase GH5 (37°C overnight; produced in house [this study and reference 24]). After lyophiliza-
tion, the XGOs were dissolved in water.

Cloning, expression, and purification of recombinant proteins. B. uniformis ATCC 8492 and B.
cellulosilyticus DSM 14838 were grown in tryptone-yeast extract-glucose (TYG) medium at 37°C under
anaerobic conditions. Total genomic DNA (gDNA) was extracted using the Genomic-tip 20/G (Qiagen),
following the manufacturer’s instructions. The gDNAs from B. fluxus YIT 12057 and D. gadei ATCC
BAA-286 were a kind gift from Eric Martens (University of Michigan, Ann Arbor, MI, USA).
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The open reading frames corresponding to BACUNI_00317, BACUNI_00318, BACUNI_00321, and
BACUNI_00326 (encoding BuSGBP-B, BuSGBP-C, BuGH5, and BuGH95); HMPREF9446_01791,
HMPREF9446_01793, and HMPREF9446_01800 (encoding BfSGBP-B, BfGH5, and BfGH95); HM-
PREF9455_00295, HMPREF9455_00296, and HMPREF9455_00301 (encoding DgGH5, DgSGBP-B, and
DgGH95); and BACCELL_02631 (encoding BcGH5) were PCR amplified from genomic DNA using Q5
high-fidelity polymerase (NEB) with appropriate primers designed to remove signal peptides and
lipidation cysteines (81, 82) (Table 4). PCR products of BACUNI_00318, HMPREF9455_00301, and BAC-
CELL_02631 containing appropriate pMCSG complementary sequences were generated for subsequent
ligation-independent cloning into the pMCSG53 plasmid, providing an N-terminal His6 tag (83). The PCR
products of BACUNI_00317, HMPREF9446_01791, and HMPREF9455_00296 were ligated into a modified
version of pET28a (EMD Biosciences) containing a recombinant tobacco etch virus (rTEV) protease
recognition site (pET28a-TEV), as previously described (38). The rest of the PCR products introduced
NdeI/XhoI or NheI/XhoI (NEB) restriction sites into the flanks of the target genes, and the amplified DNA
was cloned into expression vector pET28a so that the encoded recombinant proteins contained an
N-terminal His6 tag. Successful cloning was confirmed by colony PCR (GoTaq polymerase; Promega) and
sequencing (Genewiz). BuGH95 E531A and BfGH95 E543A were generated using pET28a::BuGH95 and
pET28a::BfGH95 as template DNAs (Table 5).

Recombinant proteins were produced in E. coli BL21(DE3) cells cultured in Terrific broth containing
ampicillin (50 �g · ml�1) or kanamycin (50 �g · ml�1) at 37°C (200 rpm). The cells were grown to
mid-exponential phase (optical density at 600 nm [OD600] � 0.4 to 0.6). Overexpression was induced by
adding isopropyl-�-D-thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM, and the cultures
were grown further at 16°C (200 rpm) for 18 h. The cells were harvested by centrifugation, and sonicated,
and His6-tagged recombinant proteins were purified using a HisTrap IMAC FF nickel-nitrilotriacetic acid
column (GE Healthcare) with a gradient elution up to 100% elution buffer containing 20 mM sodium
phosphate, pH 7.4, 500 mM NaCl, and 500 mM imidazole in a BioLogic fast protein liquid chromatogra-
phy (FPLC) system (Bio-Rad). The purity of the recombinant proteins was determined by SDS-PAGE, and
their concentrations were determined from their calculated molar extinction coefficients at 280 nm using
an Epoch microplate spectrophotometer (BioTek).

Carbohydrate analytical methods. High-pH anion-exchange chromatography–pulsed amperomet-
ric detection (HPAEC-PAD) carbohydrate analysis was performed as previously described (63). Solvent A
was ultrapure water, solvent B was 1 M sodium hydroxide, and solvent C was 1 M sodium acetate
prepared from anhydrous BioUltra-grade solid (Sigma). Depending on the sample, the following gradi-
ents were used for gradient A (0 to 5 min, 10% B and 3.5% C; 5 to 12 min, 10% B, linear gradient from
3.5 to 30% C; 12.0 to 12.1 min, 50% B, 50% C; 12.1 to 13.0 min, exponential gradient [curve setting 9] of
B and C back to initial conditions; 13 to 17 min, initial conditions) and for gradient B (0 to 5 min, 10% B;
5 to 10 min, 10% B, linear gradient from 0 to 30% C; 10.1 to 11 min, 50% B, 50% C; 11 to 11.9 min, linear
gradient of B and C back to initial conditions; 11.9 to 17 min, initial conditions).

MALDI-TOF MS analysis was performed on oligosaccharide samples as described previously (63). A
standard mix of XXXG, XXLG/XLXG, and XLLG was used for an external calibration.

Enzyme kinetic analysis. Polysaccharide hydrolysis was quantified using a bicinchoninic acid (BCA)
reducing-sugar assay (84). The reactions were conducted in a final volume of 100 �l at the optimum pH
at 37°C for 10 min. Reactions were terminated by the addition of an equal volume (100 �l) of BCA
reagent. Color was developed by heating to 80°C for 20 min before reading the absorbance at 563 nm.
A glucose series (25 to 150 �M) was performed with each assay to quantify the reducing ends released.

The pH optimum of each enzyme used in this work was initially determined using the same enzyme
reaction assay to quantify reducing ends over 10 min of incubation with 1.0 mg/ml XyG in different
buffers at 50 mM: sodium citrate (pH 3.0 to 6.5), sodium phosphate (pH 6.5 to 8.0), and glycine (pH 9.0
to 10.5).

To determine Michaelis-Menten parameters, nine different concentrations of XyG solutions were
used over the range 0.025 to 2 mg · ml�1 with the appropriate concentration of enzyme for 10 min, and
the reducing ends released were quantified as described above.

The release of 2-chloro-4-nitrophenolate from 2-chloro-4-nitrophenyl �-L-fucopyranoside was mon-
itored continuously by following the A410 with a 1-cm-path-length quartz cuvette using a Cary 60
UV-visible (Vis) spectrophotometer (Agilent Technologies). Reactions, carried out in 250-�l volumes in
the optimum pH buffer at 37°C, were assayed with nine different substrate concentrations, and the rate
was calculated using an extinction coefficient determined according to the buffer used.

Enzyme product analysis. To determine limit-digestion products, 2 �M of the recombinant enzyme
was incubated with 0.25 mg · ml�1 polysaccharide or 0.5 mM oligosaccharide for 18 h (37°C) in a 500-�l
reaction mixture containing 50 mM citrate buffer (pH 6.0). The reaction mixture was then diluted two
times for the polysaccharide reactions and five times for the oligosaccharide reactions prior to product
analysis by HPAEC-PAD.

Affinity gel electrophoresis. Qualitative analysis of binding to tamarind xyloglucan, barley �-glucan,
konjac glucomannan, and artificial hydroxyethyl cellulose was performed exactly as described previously
(38). SGBPs (5 �g) were loaded, with bovine serum albumin (BSA) used as a noninteracting negative
control.

Isothermal titration calorimetry. ITC of glycan binding by the SGBPs was performed using a MicroCal
VP-ITC titration calorimeter equilibrated to 25°C. The proteins (20 to 40 �M) were placed in the sample cell,
and the syringe was loaded with 2.5 mg/ml of XyG polysaccharide or 1 mM oligosaccharide (XyGO2,
tamXyGO1, and lettXyGO1). Following an initial injection of 2 �l, 25 subsequent injections of 10 �l were
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performed with stirring at 280 rpm, and the resulting heat of reaction was recorded. Integrated heats were
fitted to a single-site model using MicroCal Origin v7.0 to derive n, Ka, and ΔH values.
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Supplemental material for this article may be found at https://doi.org/10.1128/AEM

.01491-19.
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